A recent report claimed that endoplasmic reticulum (ER) stress activates the ER trans-membrane receptor IRE1a, leading to increased caspase-2 levels via degradation of microRNAs, and consequently induction of apoptosis. This observation casts caspase-2 into a central role in the apoptosis triggered by ER stress. We have used multiple cell types from caspase-2-deficient mice to test this hypothesis but failed to find significant impact of loss of caspase-2 on ER-stress-induced apoptosis. Moreover, we did not observe increased expression of caspase-2 protein in response to ER stress. Our data strongly argue against a critical role for caspase-2 in ER-stress-induced apoptosis. Cell Death and Differentiation (2014) 21, 475-480; doi:10.1038/cdd.2013 published online 29 November 2013 Secreted and trans-membrane proteins are shuttled into the secretory pathway by translocation to the endoplasmic reticulum (ER). Proteins must be correctly folded before being transported to their target compartment, with incorrectly folded protein being targeted for degradation.
Secreted and trans-membrane proteins are shuttled into the secretory pathway by translocation to the endoplasmic reticulum (ER). Proteins must be correctly folded before being transported to their target compartment, with incorrectly folded protein being targeted for degradation. 1 The accumulation of mis-folded protein in the ER can be caused by multiple physiological and pathological conditions and results in ER stress. Cellular responses to ER stress are regulated by ER localized stress receptors, but the mechanisms by which this cytotoxic insult triggers apoptosis are not fully resolved although the BH3-only proteins Bim 2 and Puma 3, 4 have both been demonstrated to contribute to this process.
Recently, Upton et al. 5 reported a novel mechanism whereby the ER trans-membrane receptor IRE1a cleaved several microRNAs, which in turn promoted the de-repression of caspase-2 translation, leading to activation of this caspase and consequent cell death. Thus, when ER stress was induced in mouse embryonic fibroblasts (MEFs) by treatment with Brefeldin A (BFA), caspase-2 protein levels increased dramatically, followed by proteolytic activation of this caspase and induction of apoptosis.
These results imply that caspase-2 is required for apoptosis triggered by ER stressors. This is an important observation as, to date, the physiological role of caspase-2 has remained obscure. Previous analysis of caspase-2-deficient mice did not identify any developmental abnormalities that might be expected from a defect in ER-stress-induced apoptosis, 6 although evidence does indicate that caspase-2 has a tumorsuppressive role in certain transgenic mouse cancer models [7] [8] [9] and an anti-ageing role. 10 In this study, we have sought to clarify the role of caspase-2 in the cellular response to ER stress. In contrast to the published report, 5 we found that caspase-2 levels were not upregulated by drugs that induce ER stress nor was there any significant impact of loss of caspase-2 on the extent of cell death elicited by ER stress. Our data demonstrate that caspase-2 levels are not modulated by ER stress and that caspase-2 is not required for the induction of apoptosis following ER stress. This work emphasizes the importance of independent repetition of results and the use of independent cell preparations in order to establish the veracity of new physiological roles for proteins, such as caspase-2.
Results
To evaluate the requirement for caspase-2 in apoptosis induced by ER stress, we exposed a range of primary and immortalized cell types from wild-type (WT) and caspase-2-deficient mice to the same ER-stress-inducing compounds employed in the study by Upton et al. 5 We treated primary and immortalized MEFs from WT and Caspase-2 À / À mice with the ER-stress-inducing drugs BFA, Thapsigargin (TG) or Tunicamycin (TM). In both primary and immortalized MEFs, we observed an equivalent amount of cell death between WT and Caspase-2 À / À cells across a broad range of drug concentrations and over an extended time course (Figures  1a and b) . Any small differences that were observed between WT and Caspase-2 À / À cells were not consistent between the primary and immortalized MEFs. As a control, we used MEFs derived from Bax À / À ;Bak À / À mice. 11, 12 As expected given the essential overlapping roles of Bax and Bak in the intrinsic (also called Bcl-2-regulated, mitochondrial or stress-induced) apoptosis pathway, 11, 13 the Bax/Bak double-deficient cells were largely resistant to apoptosis induced by these drugs (Figure 1b) . Moreover, in contrast to the previous publication, 5 we did not observe any increase in caspase-2 protein expression at any time point following induction of ER stress in WT or Bax À / À ;Bak À / À MEFs (Figures 1c and d) . This indicates that caspase-2 is not required for apoptosis induced by BFA, TG or TM in MEFs and that caspase-2 expression was not increased in response to ER stress.
To further investigate the involvement of caspase-2 in the response to ER-stress-induced apoptosis, we exposed primary mouse thymocytes, mature T lymphocytes and Hoxb8-transformed IL-3-dependent myeloid progenitors (factor-dependent myeloid (FDM)) from WT and Caspase-2 À / À mice to BFA and TG. As a control to reveal the impact of a substantial block in the intrinsic apoptotic pathway, we used primary mouse thymocytes and FDM cells from Bax À / À ; Bak À / À mice. The WT and Caspase-2 À / À thymocytes, T lymphocytes and FDM cells were either equally susceptible to ER stress induced across a broad range of drug concentrations and over an extended time course of analysis or in the case of caspase-2 À / À FDM cells appeared slightly more susceptible to BFA and low doses of TG at early time points than WT cells (Figures 2a, c and e; Supplementary Figure 1 ). This shows that caspase-2 is not required for apoptosis induced by BFA or TG in these cell types. In contrast, the Bax À / À ;Bak À / À cells were profoundly resistant to BFA. Although a substantial fraction of Bax À / À ;Bak À / À FDMs and thymocytes died after exposure to TG, the numbers of viable cells were still far greater than those observed with WT or Caspase-2 À / À cells. In contrast to Upton et al., 5 we did not observe in any of the WT or Bax À / À ;Bak À / À cell types examined, an increase in full-length caspase-2 protein levels following ER stress Furthermore, in response to ER stress, caspase-3 was cleaved (and hence activated) over time in both WT and caspase-2-deficient cells, but not in Bax À / À ;Bak À / À cells. These data demonstrate first, that caspase-2 was not required for processing and activation of caspase-3, and second that the loss of viability observed in Bax À / À ;Bak À / À cells was independent of caspase-3 activation. It is therefore possible that this death of Bax À / À ;Bak À / À cells is mediated (at least in part) through a non-apoptotic process. In addition, ER stress resulted in cleavage of caspase-2 only in WT but not in Bax À / À ; Bak À / À cells. This is consistent with previous studies using other apoptotic stimuli (e.g. g-irradiation 6 ), and demonstrates that caspase-2 cleavage (as opposed to activation, which does not necessarily require processing 14 ) constitutes an event that occurs downstream of Bax/Bak activation and the formation of the apoptosome. 
were treated with BFA, TG, TM (at the doses indicated) or vehicle for 24 h and Annexin V negative/PI negative (i.e. surviving) cells were quantified by flow cytometry. (c) Primary MEFs and spontaneously immortalized MEFs were treated with ER-stress-inducing drugs for 24 h as described in a. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 11B4), caspase-3 and b-actin (loading control). (d) WT, Caspase-2 À / À and Bax À / À ;Bak À / À spontaneously immortalized MEFs were treated with BFA (2.5 mg/ml) over the indicated time course. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 11B4), cleaved (i.e. activated) caspase-3 and b-actin (loading control). Full-length proteins are designated (FL) with cleavage products following ER stress indicated as (C). P-values were calculated using unpaired t-test, (ns) signifies P40.05, (*) signifies Po0.05 
were treated with BFA (2.5 mg/ml), TG (1 mM) or vehicle over the indicated time course and Annexin V negative/PI negative (i.e. surviving) cells were quantified by flow cytometry. (b) Primary mouse thymocytes from WT, caspase-2 À / À and Bax À / À ;Bak À / À mice were treated with ER-stress-inducing drugs over the indicated time course as described in a. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 10C6), cleaved (i.e. activated) caspase-3 and b-actin (loading control). (c) WT and Caspase-2 À / À T lymphocytes (both n ¼ 5) were treated with BFA (2.5 mg/ml) or vehicle over the indicated time course and Annexin V negative/PI negative (i.e. surviving) cells were quantified by flow cytometry. (d) T lymphocytes from WT and caspase-2 À / À mice were treated with ER-stress-inducing drugs over the indicated time course as described in c. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 10C6), cleaved (i.e. activated) caspase-3 and b-actin (loading control). (e) WT, caspase-2
were treated with BFA, TG (at the indicated doses) or vehicle over the indicated time course and Annexin V negative/PI negative (i.e. surviving) cells were quantified by flow cytometry. ND, no data. (f) WT, caspase-2 À / À and Bax À / À ;Bak À / À FDMs were treated with ER-stress-inducing drugs over the indicated time course as described in e. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 10C6), cleaved (i.e. activated) caspase-3 and b-actin (loading control). Full-length proteins are designated (FL) with cleavage products following ER stress indicated as (C). P-values were calculated using unpaired t-test, (ns) signifies P40.05, (*) signifies Po0.05, (**) signifies Po0.001 and (***) signifies Po0.0001
To extend our observations, we used NALM-6, RAJI, MV4-11 and U-937 cells, which are all human leukemia-or lymphoma-derived cell lines. These cells were treated with TM, TG or BFA and examined over a time course for changes in the expression levels of caspase-2 protein (Figure 3;  Supplementary Figure 3) . Again, there was no significant increase in caspase-2 expression following the induction of ER stress. Collectively, these results demonstrate that caspase-2 protein expression is not induced in response to ER stress and does not contribute to cell death resulting from ER stress.
We observed abundant full-length caspase-2 in all cell types in the absence of ER stress or any other cytotoxic insult. Perplexingly, over two different studies Upton et al.
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0 2 4 8 12 16 20 24 0 2 4 8 12 16 20 24 0 2 4 8 12 16 Figure 3 Caspase-2 protein levels are not upregulated following ER stress in several human leukemia-and lymphoma-derived cell lines. NALM-6, RAJI, MV4-11 and U-937 cells were treated with TM (2.5 mg/ml), TG (2 mM) or BFA (2.5 mg/ml) over the indicated time course. Cell lysates were analyzed by immunoblotting using antibodies against caspase-2 (clone 10C6), cleaved (i.e. activated) caspase-3 and b-actin (loading control). Full-length proteins are designated (FL) with cleavage products following ER stress indicated as (C) reported strikingly diametrically opposed results on the levels of caspase-2 expression, even in the same cells. These discrepancies could be explained, in part, by differences in the specificity and quality of the various caspase-2 antibodies used in these two studies. To interrogate this possibility, we compared the antibodies employed by these authors using the same lysates derived from WT and caspase-2 À / À (negative control) thymocytes that had been treated with BFA or vehicle (Figure 4) . A monoclonal antibody that we have previously generated (mAb 10C6 6 ) showed exquisite specificity for caspase-2, whereas the two antibodies used by Upton et al. 5 in their recent study seem to detect abundant non-specific bands, mostly showing no difference between lysates from thymocytes of WT versus caspase-2 À / À mice. The caspase-2 antibody from Novus does appear to detect full-length caspase-2 (among many non-specific bands); however, the appearance of any cleavage products is masked by the presence of non-specific bands.
Discussion
Caspase-2 remains an enigmatic protein with recently established functions in tumor suppression, genomic stability and ageing. 9, 10, 16, 17 This caspase is evolutionarily highly conserved, yet surprisingly loss of caspase-2 has no significant impact on the development of mice. Caspase-2 À / À mice show mild pre-mature ageing phenotypes but no overt morphological abnormalities; they breed normally and have no clearly recognizable defects in apoptosis across a broad range of cell types. 6, 18, 19 Using a large array of primary as well as immortalized mouse and human cell types, our data demonstrate that caspase-2 levels do not increase in response to ER stress and that caspase-2 is not required for ER-stress-induced apoptosis.
The observation that caspase-2 may be involved in the apoptotic response to ER stress 5 was surprising given the lack of easily recognizable phenotypic abnormalities in caspase-2-deficient mice, but important nonetheless because this was a clear indication of a hitherto unrecognized function of this caspase. The model published by Upton et al. proposed that in response to ER stress caspase-2 protein levels were upregulated due to IRE1a-mediated cleavage of microRNAs that otherwise repressed caspase-2 translation. Regardless of any regulation by microRNAs, this model casts caspase-2 in a central role in the apoptosis that occurs in response to ER stress. In contrast to these published data, 5 we did not observe any increase in caspase-2 protein expression at various time points or doses following ER-stress-inducing drugs, nor any significant difference in viability between WT versus caspase-2-deficient cells following treatment with different ER-stress-inducing drugs. It is unclear why our results differ from Upton et al. as we used the same cell lines (and additional primary and immortalized cell lines) with the same drugs, doses and treatment time points. One potential reason for the discrepancies in our observations is the different antibodies used to detect caspase-2 protein.
We found the antibodies used by Upton et al. were unreliable and largely non-specific ( Figure 4) .
Our findings are supported by previous studies, which treated a variety of caspase-2 À / À cells with drugs to induce ER stress, also finding no difference in cell viability when compared with WT cells. 20 Moreover, our data demonstrate that although IRE1a may regulate the abundance of specific microRNAs in response to ER stress as reported in the original study, caspase-2 protein expression is not regulated by any such changes. We did not analyze changes to caspase-2 mRNA expression in response to ER stress as regulation of gene expression by microRNAs can occur by blocking translation of mRNA in addition to degradation of mRNA transcripts; therefore, this approach is likely to be uninformative. Regardless, our protein expression and cell survival analyses demonstrate clearly that caspase-2 expression is not regulated in response to ER stress and, even more importantly, that caspase-2 is not required for ER stressinduced cell death. Figure 4 Comparison of the specificities of different caspase-2 antibodies. Primary thymocytes from WT and caspase-2 À / À mice were treated with BFA (2.5 mg/ml) or vehicle over the indicated time course. Cell lysates were analyzed by immunoblotting using the following antibodies against caspase-2: clone 10C6 (Enzo 6 ), Novus Y61 #NB-110-55655 or Abcam #ab18737 or were probed, as a loading control, with an antibody to b-actin. All images from blots produced by probing with the various antibodies to caspase-2 were exposed for an equal period of time. Full-length proteins are designated (FL) with cleavage products following ER stress indicated as (C)
